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ABSTRACT
Experiments on the flow boiling heat transfer of almost pure CO2 and CO2-oil mixtures in horizontal smooth and
micro-fin tubes have been carried out. The smooth tube is a stainless steel tube with an inside diameter of 3mm, and
the micro-fin tube is a copper tube with a mean inside diameter of 3.04mm. Experiments were carried out at mass
velocities from 190 to 1300kg/(m2s), saturation temperature at 10˚C, heat fluxes from 5 to 30kW/m2, the circulation
ratio of the oil (PAG) from <0.01 to 0.72wt%. In the case of almost pure CO2, the flow boiling heat transfer is
dominated by nucleate boiling for both tubes. In the case of CO2-oil mixtures, the heat transfer coefficient is much
lower than that of almost pure CO2. The result is considered due to the nucleate boiling being suppressed by the oil
film. The dryout quality decreases greatly with the increase in mass velocity for the smooth tube, and is almost not
influenced by the mass velocity for the micro-fin tube.

1. INTRODUCTION
Due to the global warming issue, carbon dioxide (CO2) is expected for using as a working fluid of automobile airconditioner and heat pump systems. In Japan, in order to reduce CO2 emissions, CO2 heat pump for residential hot
water heater was developed. The improvement in the performance of CO2 heat pump is an immediate research task.
Many researches have been reported on flow boiling heat transfer of CO2 in horizontal tubes. Rieberer (1999)
reported about CO2 thermal properties, heat transfer and flow characteristics in a gas-cooler and evaporator. Tanaka
et al. (2001) gave an experimental report on boiling heat transfer of CO2 inside thin tubes, and pointed out that the
evaporation heat transfer characteristics of CO2 were different from those of HCFC and HFC refrigerants, and gave
a new correlation for boiling heat transfer. In the case of CO2-oil mixtures, they showed that the heat transfer
coefficients decline rapidly. Katsuta et al. (2002) investigated the boiling heat transfer characteristics of CO2 inside a
stainless steel tube of 4.59 mm in inner diameters, at the conditions of 1 and 5 wt% oil concentrations. The authors
(2002) reported the boiling heat transfer characteristics and the influence of lubricating oil inside a horizontal copper
tube of 5mm in inner diameters. Yun et al. (2003) measured the flow boiling heat transfer coefficient of CO2 in a
stainless steel tube of 6mm in inner diameters. Koyama et al. (2005) reported the flow boiling heat transfer and the
influence of lubricating oil in copper smooth and micro-fin tubes. They showed that the boiling heat transfer
coefficient decreases remarkably for both of two tubes in case of CO2-oil mixtures. However, research on flow
boiling heat transfer of CO2 is still insufficient. The enhancement effects of micro-fin tube on flow boiling heat
transfer are not clarified especially in the case of CO2-oil mixtures.
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The objectives of this research is to clarify the flow boiling heat transfer characteristics of CO2 for smooth and
micro-fin tubes, the influence of lubricating oil (PAG, kinetic viscosity 100 mm2/s at 40 ˚C), and the enhancement
effects of micro-fin tube on flow boiling heat transfer and dryout.

2. EXPERIMENTAL APPARATUS
The experimental apparatus used for micro-fin tube is shown in Figure 1. The experimental apparatus used for
smooth tube is almost same with that shown in Figure 1, except for the position of sight-glass 7(b) and pre-heater (4).
It is a heat pump system consisting of a two-stage compressor, an oil-separator, a pre-heater, a pre-cooler, a gascooler, four expansion valves, a test evaporator, an auxiliary evaporator and an accumulator. The test section of
smooth tube is a horizontal stainless steel tube, 3mm in inner diameter and 2.185m in length, and it is heated using a
direct heating method. The outside wall temperatures of the smooth test tube were measured by 22 thermocouples of
20cm interval at the top and the bottom of the test tube. The test section of micro-fin tube is a horizontal copper tube,
3.04mm in mean inner diameter and 1.3m in length (the effective heat transfer length is 0.9m). The details of test
section of micro-fin tube are shown in Figure 2. The outside wall temperatures of the micro-fin test tube were
measured by 12 T-type thermocouples, 0.1mm in wire diameter, of 15cm interval at the top and the bottom of the
test tube, which were embedded in the tube wall. The inner temperatures of the test section were calculated from the
one-dimensional heat conduction equation of the radius direction. The dimensions of test tubes are shown in Table 1.
The mass flow rates are measured by two micro-motion type mass flow meters, for total mass flow rate and that
flowing test section. The precisions of the mass flow meters are ±0.25% full-scale (Full -scale: 100 kg/h). The
pressure and the bulk temperature at the mixing chamber prepared before the expansion valve are measured by a
pressure transducer and a thermocouple. The pressure at the inlet of the test evaporator is also measured by a
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Figure 1: Experimental apparatus for micro-fin tube
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Figure 2: Details of test section of micro-fin tube

pressure transducer with a precision of ±0.01MPa. The pressure drop over the test section is measured by a pressure
difference transducer with a precision of ±0.2kPa. The temperature at the outlet of the test section is also measured
by a thermocouple. The thermocouples used in this experiment were calibrated within 0.05K. As for measurement of
DC current for heating, a 1 mΩ(±0.01%) standard resistance was used. The error of the heat balance (the difference
between heat input and the heat transfer rate received by refrigerant) was measured to be within 5%. The purity of
CO2 used in the present research is 99.95wt%, which is used for common CO2 heat pump systems. The thermal
physical properties of CO2 were calculated using software package PROPATH (2001).
Table 1: Dimensions of test tubes

Smooth tube

Outer
Diameter
(mm)
4.0

Inner
Diameter
(mm)
3.0

Micro-fin tube

4.1

3.04

-

Fin tip
angle
(deg)
-

Helix
angle
(deg)
-

Area
enhancement
ratio
1

0.11

40.5

12

1.29

Fin
number

Height
(mm)

40

The circulation ratio of lubricating oil was adjusted by the oil-control valve (3). The oil circulation ratio (yd) was
measured by the following process: (1) The total mass flow rate (m) was kept constant at less than 10kg/h (less than
5kg/h for micro-fin tube); (2) The amount of heating of test evaporator was increased until CO2 liquid disappears at
the outlet of the evaporator. Then, the droplets of the oil came out from the entrance pipe of the sight-glass(7b) after
the evaporator; (3) After being stabilized, the oil circulation rate (moil) was measured from the size and time interval
of the oil droplet which fell in the sight-glass chamber; (4) The oil circulation ratio (yd) is calculated from the
following equation

yd = moil m

(1)

When the oil-control valve is closed, the oil circulation ratios measured are less than 0.01 wt%. Before getting
experimental data in the case of almost pure CO2, it is checked whether there is any oil film in the sight glasses 7(a).
In the case of CO2-oil mixtures, in order to keep the oil circulation rate constant, the input of the inverter which
controls the compressor and the total flow rate measured with the mass flow meter (8a) are kept constant. Therefore,
even if the experimental conditions changed at the test section, the conditions in places other than the test section are
maintained at the almost same conditions.
The heat transfer coefficients are defined as follows

α = q (Tw − Ts )
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where q is the heat flux defined by the mean inner diameter, Tw is the inside wall temperature of the test section and
Ts is the saturation temperature of the refrigerant, which is calculated from the inlet pressure and the pressure drop of
the test section.
Regardless of the existence of PAG oil, the difference between the measured temperature and the saturation
temperature of CO2 calculated from the pressure at the evaporator outlet is less than 0.1 K for all of the conditions
except for the dryout conditions. Remarkable changes in saturation temperature (bubble point temperature) could not
be measured when PAG oil mixed. It is considered that the reason is due to the solubility of PAG oil in CO2 liquid
phase being very small. The solubility was measured by the authors (2005). When the saturation temperature is 10
˚C, the solubility is about 0.03 wt%. Therefore, the saturation temperature of pure CO2 was used in equation (2)
even in the case of CO2-oil mixtures. In this experiment, the dryout quality is determined when the wall temperature
rapidly increases. Experimental conditions are shown in Table 2.
Table 2: Experimental conditions
Smooth tube

Micro-fin tube

Mass velocity, kg/(m s)

200 ~ 1300

190 ~ 770

Pressure, MPa

4.5

4.5

Heat flux, kW/m2

5, 10, 20, 30

5, 10, 20, 30

Inlet vapor quality

0.12 ~ 0.55

0.15 ~ 0.85

Oil circulation ratio, wt%

<0.01, 0.11, 0.30, 0.57

<0.01, 0.09, 0.17, 0.48, 0.72

2

3. RESULTS AND DISCUSSIONS
3.1 In Case of Almost Pure Refrigerant
3.1.1 Smooth tube: Figures 3(a) and (b) show the effect of mass velocity and heat flux on local heat transfer
coefficient, in case of almost pure CO2 (yd < 0.01wt%) when saturation temperature is 10 ˚C (P = 4.5 MPa). Figure
3(a) shows that there is almost no influence of mass velocity on the local heat transfer coefficient. The local heat
transfer coefficient decreases conversely with the increase in vapor quality. This trend can be explained by saying
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Figure 3: Effects of mass velocity and heat flux on local heat transfer coefficients for the smooth tube
(Ts = 10 ˚C, yd < 0.01 wt%)
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Figure 4: Effects of mass velocity and heat flux on local heat transfer coefficients for the micro-fin tube
(Ts = 10 ˚C, yd < 0.01 wt%)
that the top of tube has partially dryout when the vapor quality x > 0.7. However, when x < 0.7, the interpretation
cannot explain because there is almost no difference in the heat transfer coefficients of the top and bottom of the
tube. Figure 3(b) shows that the local heat transfer coefficient increases with the heat flux.
3.1.2 Micro-fin tube: Figures 4(a) and (b) show the effect of mass velocity and heat flux on local heat transfer
coefficient, in the case of almost pure CO2 (yd < 0.01wt%). Figure 4(a) shows that there is almost no influence of
mass velocity on the local heat transfer coefficient. Figure 4(b) shows that the local heat transfer coefficient
increases with the heat flux when the vapor quality x is smaller than 0.6. From the above results, the heat transfer
coefficient shows a strong dependence on heat flux for both smooth tube and micro-fin tube. This implies that the
flow boiling heat transfer is dominated by nucleate boiling. The local heat transfer coefficient is not dependent on
heat flux when x > 0.75. This tendency remains for about 10 minutes after decreasing the heat input of the preheater
(data are recorded every 20 seconds). This indicates that the tendency is due to the influence of an oil film.

3.2 In Case of CO2-oil Mixtures

Figure 5 shows the influence of the oil on local heat transfer coefficients at specified saturation temperature, mass
velocity and heat flux conditions for smooth tube. The local heat transfer coefficient falls considerably when oil
circulation ratio (yd) is higher than 0.11wt%. The local heat transfer coefficient decreases slightly with the increase
in the vapor quality.
Figure 6 shows the effect of the mass velocity on local heat transfer coefficient when yd > 0.3wt% for smooth tube.
The local heat transfer coefficient increases remarkably with the mass velocity. Furthermore, it shows that the
dryout occurs earlier when the mass velocity increases. Unlike the case of almost pure CO2 (yd < 0.01wt%), there is
almost no effects of the heat flux on local heat transfer coefficient, as shown in Figures 8(a) and (b). The strong
dependence of the local heat transfer coefficient on heat flux, which is the feature of nucleate boiling heat transfer, is
not shown.
The authors (2005, 2006) reported the flow behaviors after the expansion valve and evaporator. It was observed that
emulsion phenomenon occurred after the expansion valve and evaporator, and PAG oil separates with CO2 liquid
and becomes an oil film. This is due to PAG oil being immiscible with CO2 liquid (the solubility of the oil in CO2
liquid phase is very small). The decrease in local heat transfer coefficient is considered due to nucleate boiling
being suppressed by the oil film. The flow boiling heat transfer has changed from nucleate boiling dominated regime
to convective evaporation dominated regime. On the other hand, the local heat transfer coefficient decreases slightly
with the increase in vapor quality. This trend seems contradictory to flow boiling heat transfer being convective
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Figure 7: Effects of heat flux and mass velocity for micro-fin tube (Ts = 10˚C, yd = 0.72 wt%)
evaporation dominated regime. However, this trend can be explained if the oil film becomes thicker gradually in the
flow direction. It is one of the results of the authors (2005) that the quantity of the oil film increases with the
increase in the vapor quality.
Figures 7(a) and (b) show the effects of mass velocity and heat flux on local heat transfer coefficient for the microfin tube, when oil circulation ratio yd = 0.72 wt%. As shown in Figure 7(a), the local heat transfer coefficient is
significantly improved when the mass velocity increases, and is independent of the vapor quality except for the high
mass velocity and high vapor quality conditions(G =770kg/(m2 s), x >0.5). At the high mass velocity and high vapor
quality conditions, the local heat transfer coefficient increases with the vapor quality until the dryout occurs. Figure
7(b) shows that the local heat transfer coefficient is independent of the heat flux at the low vapor quality
region(x<0.5), while it increases with the heat flux at the high vapor quality region(x>0.5). As compared with Figure
6, it is noted that the value of the vapor quality (x=0.5) is just the dryout quality for the smooth tube. It implies that
the rotational high speed mist flow gives some effect on the oil film in the micro-fin tube.
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Figure 9: Relation of dryout quality and mass velocity
Figures 8(a) and (b) show the comparisons of heat transfer coefficient for the smooth tube with those for the microfin tube at low vapor quality region. As shown in Figure 8(a), when the oil circulation ratio is high, the local heat
transfer coefficient is not influenced by the heat flux except for low mass velocity conditions, but linearly increases
with the mass velocity for both the smooth tube and the micro-fin tube. Figure 8(b) shows that the local heat
transfer coefficient decreases remarkably when the oil circulation ratio is larger than 0.1wt%, and the local heat
transfer is enhanced by the micro-fin tube. The enhancement effect on the local heat transfer coefficient of the
micro-fin tube appears notably at the higher vapor quality, higher mass velocity and lower oil circulation ratio
conditions.

3.3 Dryout Quality
Figures 9(a) and (b) show the relationship between dryout quality xd and mass velocity G for the smooth tube and
the micro-fin tube, respectively. As shown in Figure 9(a), the dryout quality decreases with the increase in the mass
velocity, and there is little effect of the oil for the smooth tube. For the micro-fin tube, there is almost no effect of
the mass velocity, and a few effect of the oil on the dryout quality.
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4. CONCLUSIONS
Experiments on boiling heat transfer characteristics of CO2 inside a horizontal smooth tube of 3mm I.D. and a
micro-fin tube of 3.04mm in mean inside diameter were carried out, and the following results were obtained.
1. In the case of almost pure CO2, the heat transfer coefficient shows a strong dependence on heat flux for
both smooth tube and micro-fin tube. It indicates that the flow boiling heat transfer is dominated by
nucleate boiling.
2. In the case of CO2-oil mixtures, the heat transfer coefficient is almost independent of heat flux, and
shows a strong dependence on mass velocity for both smooth tube and micro-fin tube. It indicates that
the flow boiling heat transfer changes from nucleate boiling dominated regime to convective
evaporation dominated regime. The change in flow boiling heat transfer is considered due to nucleate
boiling being suppressed by the oil film.
3. The enhancement effect on the local heat transfer coefficient of the micro-fin tube appears notably at
the higher vapor quality, higher mass velocity and lower oil circulation ratio conditions.
4. For the smooth tube, the dryout quality decreases greatly with the increase in mass velocity. For the
micro-fin tube, there is almost no effect of the mass velocity on the dryout quality.

NOMENCLATURE
G
m
moil
P
q
Ts
Tw

mass velocity, kg/(m2s)
mass flow rate, kg/h
oil circulation rate, kg/h
pressure, MPa
heat flux, kW/m2
saturation temperature, ˚C
inner wall temperature, ˚C

x
xd
yd
αtop
αbot

vapor quality
dryout quality
oil circulation ratio measured from the
oil droplets, wt%
heat transfer coefficient at top of tube, W/(m2K)
heat transfer coefficient at bottom of tube,
W/(m2K)
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